Gradients of diffusible long-range attractant and repellent proteins have been proposed to guide growing axons during nervous system development, but such gradients have never been visualized directly. In the embryonic spinal cord, commissural axons pioneer a circumferential trajectory to the floor plate at the ventral midline directed by secreted proteins of the netrin family. In the embryonic chick spinal cord netrin-1 mRNA is expressed by floor plate cells and netrin-2 mRNA by neural epithelial cells. Antibodies to the two netrins reveal a gradient of netrin protein directly in the path of commissural axons. The netrin-1 gradient itself extends many cell diameters dorsal to the floor plate, the site of netrin-1 expression. A similar distribution of netrin-1 protein has been detected in embryonic rat and mouse spinal cord. The detection of a gradient of netrin-1 protein supports the operation of long-range chemotropic mechanisms in the developing nervous system.
Introduction
The possibility that gradients of guidance cues might direct extending axons during neural development was proposed shortly after the discovery of the axonal growth cone (Ramó n y Cajal, 1892). A gradient could be generated by differential expression of a nondiffusible short-range cue that remains associated with the cells that produce it, as is observed for the distribution of ephrins within the developing optic tectum (McLaughlin et al., 2003) . Alternatively, diffusion of a secreted soluble cue away from its source of synthesis could, in principle, produce a gradient. Ramó n y Cajal (1892) first proposed the existence of such chemotropic mechanisms, suggesting among others that the axons of commissural neurons within the embryonic spinal cord might reach the ventral midline by following a gradient of a cue secreted by the floor plate (Ramó n y Cajal, 1899). In the century since this proposal the floor plate has been shown to secrete factors that can promote the outgrowth of commissural axons and reorient the direction of their growth (Tessier-Lavigne et al., 1988; Placzek et al., 1990; Kennedy et al., 1994; Serafini et al., 1994 Serafini et al., , 1996 Charron et al., 2003) .
Netrin-1 and netrin-2 were purified from homogenates of embryonic chick brain by using an in vitro assay designed to identify soluble cues that promote the outgrowth of commissural axons, mimicking the activity of the floor plate . Recombinant netrin protein promotes commissural axon outgrowth, and a source of netrin reorients commissural axon extension within the embryonic neural epithelium over a distance of at least 250 m . Netrin mRNAs are expressed in the embryonic chick ventral spinal cord, with netrin-1 mRNA made by floor plate cells and netrin-2 mRNA by neural epithelial cells in the ventral two-thirds of the spinal cord (excluding the floor plate), as the first commissural neurons extend axons toward the ventral midline . Although guidance by diffusible chemoattractants now is widely accepted as a mechanism of axon guidance, no gradient of a diffusible chemoattractant protein has been visualized directly. Indeed, the absence of such evidence has been lamented (Dickson, 2002) . Gradients of Sonic hedgehog (Shh) and Wingless type (Wnt) protein have been proposed to direct axon extension; however, only graded distributions of mRNA, not protein, expression have been reported (Lyuksyutova et al., 2003; Bourikas et al., 2005) . In the case of netrins, although substantial evidence supports the proposal that netrin-1 acts as a chemotropic axon guidance cue, a previous immunohistochemical analysis actually reported the absence of a gradient of netrin protein in the embryonic spinal cord and the absence of netrin protein in the floor plate before the first commissural axons cross the ventral midline (MacLennan et al., 1997) . In contrast, using more sensitive reagents and assays, we report detectable levels of netrin protein in the floor plate and neural epithelium as the first commissural neurons are being born, and we demonstrate the presence of a graded distribution of netrin protein directly in the path of extending commissural axons. These findings support the conclu-sion that netrin-1 functions as a long-range chemotropic axon guidance cue in the embryonic spinal cord.
Materials and Methods
Antibody production. The following peptide antigens were synthesized commercially for antibody production (Quality Controlled Biochemicals, Hopkinton, MA). Peptide 7872 (CN1), GYPGLLNMFAVQTAQP-DPC, corresponding to the 19 N-terminal amino acids of chick netrin-1; peptide 7871 (CN2), ANPFVAQQTPPDPC, corresponding to the 14 N-terminal amino acids of chick netrin-2; and peptide 11760 (pannetrin-2, PN2), RFNMELYKLSGRKSGGVC, and peptide 11991 (pannetrin-1, PN1), KPFHYDRPWQRATAREANEC, corresponding to sequences conserved in domain V of chick netrin-1 and chick netrin-2. Peptides were coupled to KLH (keyhole limpet hemocyanin) and polyclonal antisera raised in rabbits.
An antigen corresponding to domain VI and V of chick netrin-1 was generated by expression in Epstein-Barr virus nuclear antigen/human embryonic kidney 293 (EBNA 293) cells with the use of the pCEP4 vector (Invitrogen, Carlsbad, CA). Recombinant VI-V protein was collected in conditioned medium and purified in a single step by using a heparinSepharose high performance column (HR 5/10; Amersham Biosciences, Piscataway, NJ). Polyclonal sera against netrin VI-V were raised in rabbits (Babco, Richmond, CA).
For all sera, nonspecific antibody binding was preadsorbed with an acetone extract of adult chicken liver protein prepared as described (Harlow and Lane, 1988) . Adult chicken liver does not express netrin-1 or netrin-2 , and preadsorption did not affect the affinity of the immune sera for recombinant netrin protein (data not shown). Specific antibodies were affinity-purified by using antigenlinked resin (sulfo-link or carbo-link; Pierce Biotechnology, Rockford, IL). After binding, the columns were washed with PBS, pH 7.5, antigenspecific antibodies were eluted with 3.5 M MgCl 2 , and then they were dialyzed extensively against PBS, pH 7.5. Recombinant myc epitopetagged chick netrin-1 and chick netrin-2 were produced and purified as described . The monoclonal antibody against neurofilament M, NFM (Lee et al., 1987) , was provided by Dr. Virginia Lee (University of Pennsylvania, Philadelphia, PA).
Immunohistochemistry, antigen enhancement, and in situ hybridization. Chick embryos were staged according to Hamburger and Hamilton (1992) . For immunohistochemical analysis the embryos were fixed in Carnoy's fixative (60% ethanol, 10% acetic acid, 30% chloroform) for 2 h at room temperature. Embryos next were processed for embedding in paraffin (Harlow and Lane, 1988) with two changes of 100% ethanol for 20 min and then were equilibrated with toluene for 1 h at room temperature, followed by paraffin for 2 h at 60°C. The 6 -8 m sections were cut and collected on Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA). Paraffin was removed by immersion in xylene, and the sections were rehydrated by using a graded EtOH/H 2 O series.
Protein-protein interactions in the extracellular matrix (ECM) often interfere with antibody-epitope interactions. Here, netrin antigenicity was enhanced by heating the sections in boiling sodium citrate buffer (Shi et al., 1991) . Paraffin sections mounted on Superfrost Plus slides (Fisher Scientific) were submerged completely in 10 mM sodium citrate, pH 6.0, in a glass histology box. The buffer then was brought to a boil in a microwave oven, and the slides were boiled in buffer for 10 min. Slides immersed in buffer were allowed to cool for 15 min and then washed twice for 5 min in PBS at room temperature. The supplemental Figure 1 (available at www.jneurosci.org as supplemental material) shows the effect of this treatment on netrin antigenicity on adjacent sections of stage 23 chick brachial cord (panel A with antigen enhancement and panel B without). Identical camera exposure times were used for each image. With the exception of the supplemental Figure 1 B (available at www. jneurosci.org as supplemental material), all of the immunohistochemical results that are presented used this antigen enhancement protocol. The effect of this treatment was equally dramatic for all netrin antibodies that were used, suggesting that netrin protein may be complexed with components of the ECM and that the enhancement is attributable to denaturation and disruption of protein-protein complexes, exposing reactive epitopes.
For immunohistochemical analyses the sections were blocked with Tris-buffered saline, pH 8.0, 3% heat-inactivated normal goat serum, 5% dry milk, 1% glycine, and 0.1% Tween 20. Incubation with primary antibody and all washes were performed in the presence of blocking solution. Immunoreactivity was visualized with secondary antibodies coupled to alkaline phosphatase (Invitrogen) or to the fluorophores cyanine 3 (Cy3) and Cy2 (Amersham Biosciences). Alkaline phosphatase activity was detected by using BM purple substrate (Roche Applied Science, Indianapolis, IN).
In situ hybridization was performed as described .
Quantification of the distribution of netrin protein. Immunohistochemical analysis was performed as described above. Fluorescence was quantified by using a cooled CCD camera as described (Swedlow et al., 1993) . Cy3 fluorescence was captured by using a fixed 1 s exposure. Fluorescence was collected from square regions 6.92 m per side, a total area of ϳ48 m 2 (one pixel corresponds to a square 0.33 m per side; each data point integrated 21 ϫ 21 pixels). The red Xs mark the trajectory of extending commissural axons and the center of each 48 m 2 area digitally sampled. Beginning at the ventral midline of the floor plate and following the trajectory of extending commissural axons in both directions around the edge of the neural tube, we pooled the data into 20-mlong bins. Data from five stage 17 sections and three stage 23 sections, both left and right sides, were pooled and analyzed. Error bars are the SEM.
Analysis of floor plate conditioned medium. Embryonic day 13 (E13) rat ventral embryonic spinal cord containing the floor plate was dissected and cultured on a substrate of poly-L-lysine and laminin-1 for 2 d at 37°C in serum-free medium (OptiMEM, Glutamax I, 3.6% D-glucose, penicillin/streptomycin; Invitrogen). Conditioned medium was collected, and protease inhibitors were added (1 mM PMSF, 1 mM EDTA, 1 g/ml pepstatin A, 2 g/ml aprotinin, 2 g/ml leupeptin; Roche Applied Science). Cells and ventral spinal cord tissue attached to the substrate were extracted by using 1 ml of buffered high salt solution (1.5 M NaCl, phosphate-buffered to pH 7.5 with protease inhibitors as above) for 30 min at room temperature. Protein then was concentrated by TCA precipitation, the pellet was resuspended in 10 mM Tris, pH 7.4, plus protease inhibitors, and the protein concentration was quantified by using the BCA assay (Pierce Biotechnology). Then 60 g of protein was loaded per lane, separated by 10% PAGE, and electroblotted to polyvinylidene difluoride membrane (Fisher Scientific) for Western blot analysis.
Results
Generation of antibodies specific to chick netrin-1 and netrin-2 To test whether netrin protein diffuses from its site of synthesis in vivo, we first focused on the chick embryo because of the tight restriction of netrin-1 mRNA expression to the ventral midline in that species. Thus any netrin-1 protein observed at a distance from the chick midline would provide evidence for diffusion; in rodents, in contrast, netrin-1 transcripts are found outside the midline also (see below), making it more difficult to determine the site of origin of netrin-1 protein.
To visualize chick netrin-1 and netrin-2 protein distributions individually, it was necessary to generate specific antibodies. The two chick netrin proteins show high sequence identity over their entire lengths, with only a small number of stretches of amino acids that differ between the two . We therefore generated antibodies directed against specific peptides corresponding to unique sequences at the N termini of netrin-1 and netrin-2 (peptides CN1 and CN2, respectively) ( Fig. 1 A) . Polyclonal antibodies against these peptides were raised in rabbits. Nonspecific antibodies were removed from serum by preadsorption, and specific antibodies were purified additionally by using antigen-linked affinity columns (for details, see Materials and Methods), resulting in antibody CN1 against netrin-1 and antibody CN2 against netrin-2. Western blot analysis that used re-combinant chick netrin-1 and chick netrin-2 protein confirmed that each of these two antibodies recognizes its specific antigen without any cross-reactivity with the other (Fig. 1 B) .
In addition, to obtain antibodies that recognize both proteins equally, we raised antibodies against two peptides corresponding to sequences that are conserved between the two proteins (PN1 and PN2) (Fig. 1 A) . Sera were also raised against purified recombinant domain VI and V of chick netrin-1, which shares ϳ75% amino acid sequence identity with chick netrin-2 (PN3) (Fig.  1 A) . Specific antibodies again were obtained by preadsorption and affinity purification. The resulting pan-netrin antibodies PN1, PN2, and PN3 each recognized equally well both recombinant chick netrin-1 and netrin-2, as assessed by Western blotting (Fig. 1 B) and by immunolabeling of transfected African green monkey kidney (COS) cells expressing netrin-1 or netrin-2 (data not shown). In addition, it is expected that PN1 and PN2 antibodies will bind both mouse and rat netrin-1, because the sequences against which they are directed are identical in mouse and rat netrin-1 (Serafini et al., 1996; Manitt et al., 2001) . The sequences are conserved less highly in mouse and rat netrin-3; the stretch of amino acids corresponding to PN1 has six amino acid substitutions, and the stretch corresponding to PN2 has two. Nonetheless, antibodies PN1 and PN2 both recognize recombinant mouse netrin-3, as assessed by Western blotting (data not shown). In contrast, the corresponding regions of mouse netrin-4 and mouse netrin-G1 and netrin-G2 are poorly conserved and unlikely to be recognized by either PN1 or PN2 (Koch et al., 2000; Nakashiba et al., 2000 Nakashiba et al., , 2002 Yin et al., 2000) . Preincubating the antibodies with either recombinant domain VI and V of netrin-1 or the corresponding peptide antigens blocked all staining (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
Netrins are related to laminins . Western blot analysis that used purified mouse laminin-1 [EngelbrethHolm-Swarm cell laminin (EHS), Collaborative Biomedical Products/Becton Dickinson, Bedford, MA] or laminin-2 (merosin; gift from Dr. Lisa McKerracher, University of Montreal, Montreal, Quebec, Canada) revealed no cross-reactivity with netrin antibodies CN1, CN2, PN1, PN2, or PN3. Conversely, polyclonal antibodies raised against mouse laminin-1 (Collaborative Biomedical Products) did not recognize recombinant chick netrin-1 or chick netrin-2 but did bind mouse laminin-1 on Western blots (data not shown).
Detection of netrin immunoreactivity in the developing chick spinal cord
Netrin-1 and netrin-2 mRNAs are expressed in the embryonic chick spinal cord as commissural axons extend to the floor plate . To visualize the distribution of netrin protein and compare it with the pattern of netrin expression, we performed in situ hybridization and immunohistochemical analyses of comparable sections of embryonic chick brachial spinal cord. Only very limited netrin protein immunoreactivity was detected by using antibodies CN1-2 or PN1-3 when the tissue was processed for immunohistochemistry by standard methods, including paraformaldehyde (PFA) fixation (data not shown), presumably because of the masking of the epitopes recognized by the antibodies. We found, however, that immunoreactivity could be detected readily by using a modification of an "antigen enhancement" procedure (Shi et al., 1991) in which the tissue was fixed by using an organic fixative and then exposed to boiling citrate buffer (for details, see Materials and Methods) (also see supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). This approach is thought to permit antibodies to detect epitopes that either are buried normally within the secondary structure of a protein or are masked by other interacting factors (e.g., for proteins like the netrins, possible binding partners in the ECM) by denaturing the proteins and exposing the epitopes. The immunoreactivity profiles described below were all detected by using this approach. We believe that these profiles accurately reflect the distribution of netrin protein, based on consistency with in situ hybridization patterns for the corresponding mRNAs (discussed below) and the fact that the distribution of immunoreactivity seen with the pan-netrin antibody PN2 appears to be the sum of the immunoreactivities seen with the two specific antibodies CN1 and CN2 (Fig. 2) .
At stage 17, when the earliest commissural neurons were extending axons toward the floor plate, netrin-1 mRNA was restricted to the floor plate region (Fig. 2 A) . In contrast, at this stage netrin-1 immunoreactivity was detected in the floor plate and the ventral neural epithelium, extending into the dorsal spinal cord (Fig. 2 B) . Interestingly, despite the restriction of netrin-1 mRNA to the floor plate, netrin-1 immunoreactivity was not enriched in floor plate and even appeared lower there when compared with the ventral two-thirds of the spinal cord (Fig. 2 B) . A, Peptide antigens were synthesized that correspond to sequences derived from the mature N terminus of chick netrin-1 (CN1) and chick netrin 2 (CN2). These sequences are unique to chick netrin-1 and chick netrin-2, respectively. Peptides also were synthesized that correspond to sequences within the domain V EGF-like loops (PN1, PN2) that are conserved in vertebrate netrin-1, netrin-2, and netrin-3 sequences. The PN1 peptide sequence is identical to the corresponding sequence of chick, rat, and mouse netrin-1 and contains a single conserved amino acid substitution in chick netrin-2. PN1 is poorly conserved in mouse netrin-3 and netrin-4, containing six of 20 and 17 of 20 amino acid substitutions, respectively. The PN2 sequence is identical in netrin-1 and netrin-2 in chick, rat, and mouse netrin-1. Two conservative amino acid substitutions are present in mouse netrin-3, and the corresponding sequence in mouse netrin-4 is poorly conserved, containing 10 of 18 amino acid substitutions. Recombinant chicken netrin-1 domain VI-V (PN3) is a 429 amino acid sequence that shares ϳ90% amino acid identity with mouse netrin-1, ϳ75% amino acid identify with chick netrin-2, ϳ57% amino acid identity with mouse netrin-3, and ϳ35% amino acid identity with mouse netrin-4. B, Antibody specificity was assessed by using purified recombinant netrin protein and Western blot analysis. In total, 50 ng of purified recombinant full-length myc-tagged chick netrin-1 (n-1) or chick netrin-2 (n-2) protein was loaded per lane. The 9E10 monoclonal antibody against a myc epitope tag confirmed that approximately the same amount of recombinant protein was loaded in each lane. Molecular weight markers, indicated with black bars on the left, correspond to 116, 97, and 66 kDa. Antibodies raised against peptide epitopes (CN1) and (CN2) are specific for chick netrin-1 and chick netrin-2, respectively. Antibodies raised against the conserved epitopes (PN2, PN3) recognize both recombinant chick netrin-1 and chick netrin-2.
As previously described , netrin-2 expression was detected in the ventral two-thirds of the developing spinal neural epithelium, but not in the floor plate at stage 17 (Fig. 2C) . The exposure time used to reveal netrin-2 transcripts was substantially longer than for netrin-1, consistent with previous findings that netrin-2 mRNA is expressed in embryonic spinal cord at significantly lower levels than netrin-1 . The netrin-2-specific antibody CN2 revealed a distribution of netrin-2 protein (Fig. 2 D) that appeared to correspond to the cells expressing netrin-2 mRNA (Fig. 2C) , i.e., in the ventral two-thirds of the spinal cord, excluding the floor plate. It is interesting to note that, despite the almost complete non-overlap of netrin-1 and netrin-2 transcripts, the patterns of immunoreactivity of the two protein products show tremendous overlap in the ventral two-thirds of the spinal cord. The major difference in immunoreactivity patterns is the presence of some netrin-1 protein in the floor plate region, where netrin-2 is absent.
Consistent with the distributions of netrin-1 and netrin-2 proteins revealed with specific antibodies, the pan-netrin antibody PN2, recognizing both netrin-1 and netrin-2, revealed a pattern of total netrin protein expression that appeared to be the sum of the individual patterns for netrin-1 and netrin-2 ( Fig. 2 E) ; expression in the floor plate, although visible, was low and enriched on the dorsal side of this structure. Expression in the ventral two-thirds was strong and strongest at the edges of the spinal cord (but within the gray matter proper). Between the ventral two-thirds and the floor plate there appeared to be a "gap," a region of reduced netrin immunoreactivity, discussed in greater detail below. A final confirmation that the pattern observed with PN2 was indeed netrin immunoreactivity was provided by the fact that a similar pattern was observed by using antibody PN1 raised against a peptide antigen (11991) different from that used to generate antibody PN2 (11760) (Fig 3H-J ) .
Netrin protein distribution during commissural axon pathfinding
To examine the distribution of netrin protein in relation to the trajectories of extending commissural axons, we performed double-labeled fluorescent immunohistochemistry by using the pan-netrin antibody PN2 (red) (Fig. 3) and the axonal marker NFM (green) (Fig. 3) . The pattern of netrin protein expression visualized by fluorescence at stage 17 (Fig. 3B ) matched that seen with an alkaline phosphatase reporter in Figure 2 E, albeit with a lower signal-to-noise ratio. At this stage early commissural axons are extending to the midline (Fig. 3C) . At stage 23, after a limited number of commissural axons have crossed the ventral midline, netrin protein continues to be detected in the floor plate (Fig.  3 D, E) . Netrin immunoreactivity is associated closely with the path of commissural axons as they extend through the expanding pool of motor neurons in the ventral horn. Strikingly, as axons continue to cross and the nascent ventral commissure grows in size, the strongest netrin immunoreactivity in the spinal cord is associated closely with axons in the ventral commissure itself (stage 27) (Fig. 3 F, G) .
To appreciate the extent of netrin protein distribution at different ages, we show in Figure 3 , H-J, cross sections through the embryonic chick spinal cord from three different ages (stages 15, 17, and 34, respectively) at the same magnification. Using the pan-netrin antibody PN1, we see that, as the spinal cord grows in size, the relative area occupied by netrin protein within the spinal cord shrinks dramatically, becoming restricted to the ventral midline area. However, this "shrinkage" is relative, not absolute, A, In situ hybridization shows netrin-1 mRNA expression restricted to the floor plate region. B, Netrin-1 protein, visualized with antibody CN1, was detected in the floor plate, throughout the ventral spinal cord, and into the dorsal spinal cord. C, In situ hybridization analysis indicates the absence of netrin-2 mRNA from the floor plate but its presence in the ventral two-thirds of the spinal cord at stage 17. D, The netrin-2-specific antibody, CN2, reveals a distribution of protein similar to the distribution of netrin-2 mRNA shown in C. E, Antibody PN2 reveals a distribution of total netrin protein like that of CN1 and CN2 combined. All sections are brachial stage 17 chick spinal cord. Immunoreactivity was visualized by using alkaline phosphatase-linked secondary antibody, BM purple substrate, and dark-field optics. Scale bars: A (for A, C), B (for B, D, E) , 50 m. Differences between the size of the sections prepared for in situ hybridization and for immunohistochemistry are attributable to the different fixation conditions that were used; the organic fixative used for immunohistochemistry dehydrates and shrinks the tissue relative to the aqueous PFA fixation used for in situ hybridization.
because it is offset by the simultaneous dramatic increase in the size of the spinal cord; the net result is that the absolute area occupied by netrin immunoreactivity does not change markedly throughout this period (Fig 3H-J ) .
Additional evidence for a netrin gradient
To characterize additionally the spatial distribution of netrin protein within the spinal cord, stage 27 chick spinal cords were microdissected into dorsal and ventral halves. Previous in situ hybridization analysis of stage 27 spinal cord indicated that netrin-1 continued to be expressed at a high level in the floor plate at that stage . The isolated dorsal and ventral portions of stage 27 spinal cords were homogenized, and equal amounts of dorsal and ventral protein extract were separated by PAGE for Western analysis. Pan-netrin antibody PN2 detected a single band of ϳ78 kDa, consistent with the molecular weight of recombinant netrin protein . This band was strongly enriched in ventral spinal cord extract but also was present in dorsal spinal cord protein extract, albeit at a very low level (Fig. 4 A) , confirming a differential distribution of netrin protein along the dorsoventral axis of the embryonic spinal cord.
Floor plate cells express both cellassociated and diffusible forms of commissural axon outgrowth-promoting activity (Tessier-Lavigne et al., 1988; Serafini et al., 1996) . Epitope-tagged recombinant netrin protein expressed by COS cells also partitions into a membrane-associated fraction that can be extracted with high salt and a soluble fraction present in conditioned medium Serafini et al., 1994) . The amount of chick netrin-1 protein present in the conditioned medium from transfected COS cells was ϳ20% of that in the salt-extractable component and that of chick netrin-2 was somewhat less . To determine the extent to which netrin-1 protein produced by the floor plate is freely soluble or membrane-bound, E13 rat ventral spinal cord explants containing the floor plate were dissected and cultured on a substrate of poly-L-lysine and laminin-1 in serum-free media for 2 d. Conditioned medium then was collected, and the cells were attached to the substrate that was extracted by using 1.5 M NaCl. The total protein content of the extract and the conditioned medium was determined, and equal amounts of each were separated by PAGE. Western analysis with the use of antibody PN2 detected netrin protein in both the high salt extract of cultured ventral 1994), soluble netrin protein was detected in the conditioned medium, but the majority of netrin protein was present in the cell-associated high salt extract fraction (Fig. 4 B) .
Quantification of the netrin gradient
The immunohistochemical and biochemical analyses thus indicated that a graded distribution of netrin protein was present in the embryonic spinal neural epithelium. Fluorescent microscopy and digital image analysis were used to quantify the distribution of netrin immunofluorescence at stage 17 and stage 23 in chick brachial spinal cord. Images were captured by using a cooled CCD camera, and all images involved a 1 s exposure of Cy3 fluorescence. In Figure 4 the red Xs mark the center of each area digitally sampled along the trajectory of extending commissural axons (Fig. 4C,E) . Beginning at the ventral midline of the floor plate and proceeding circumferentially in both directions around the edge of the neural tube, data were pooled into 20-m-long bins. Data from five stage 17 sections and three stage 23 sections, both left and right sides, were analyzed.
Quantification of netrin immunofluorescence at stage 17 revealed a graded increase in netrin protein for at least 150 m along the circumference of the neural tube directly in the path of extending commissural axons (Fig. 4C,D) . However, in the ventralmost neuroepithelium immediately lateral to the floor plate, netrin immunoreactivity consistently decreased. This gap in the distribution of netrin protein immediately lateral to the floor plate was detected by using both pan-netrin antibodies (Figs. 2-5 ) and the netrin-1-specific antibody (CN1) (Fig. 2 B) .
At stage 23 early extending commissural axons have crossed the ventral midline and have formed a thin ventral commissure. Quantitative analysis of immunofluorescence indicates that a graded increase in netrin protein continues to mark the trajectory of later-extending commissural axons that grow through the expanding pool of ventral horn motor neurons and that follow the earlier pioneers along the nascent ventral commissure to the midline (Fig. 4 E, F ) .
All of the immunohistochemical analysis that has been described was performed by using tissue prepared with Carnoy's fixative, an organic dehydrating fix that causes significant shrinkage of the sample. Comparison of the embryos prepared for in situ hybridization via aqueous PFA fixation with embryos the same age processed by using Carnoy's fixative (Fig. 2) indicates that Carnoy's fixative shrinks the spinal cords to ϳ60% their normal size in vivo. If we use 60% shrinkage as a correction factor, the gradients described would extend in vivo for at least 250 m at stage 17 and 150 m at stage 23.
Distribution of netrin-1 protein in the embryonic mouse and rat spinal cord
In the absence of netrin-1 function in the embryonic mouse spinal cord, the axons of commissural neurons initially grow along a normal trajectory in the dorsal spinal cord but then wander within the ventral neural epithelium, and many fail to extend appropriately toward the floor plate (Serafini et al., 1996) . As the first commissural axons grow toward the ventral midline of the mouse spinal cord, netrin-1 is expressed at a high level by floor plate cells and at a lower level by cells in the ventral neural epi- . Antibody PN2 detects a band (ϳ78 kDa) that is present in the extract of dorsal spinal cord but is enriched in ventral protein extract. B, Soluble netrin protein is detected in floor plate (f.p.) conditioned medium. Netrin immunoreactivity was detected in the conditioned media (cm) and the high salt extract (hse); PN2, 60 g of total protein per lane, separated by 10% PAGE. Molecular weight markers are 116, 97, and 66 kDa. C-F, Quantification of netrin immunofluorescence in the stage 17 and stage 23 chick spinal cord (PN2). Red Xs mark the center of each area digitally sampled along the trajectory of extending commissural axons. Fluorescence was quantified by using a cooled CCD camera, a 1 s exposure, and a Cy3-conjugated secondary antibody. At stage 17 (C) early commissural axons are extending circumferentially toward the floor plate. At stage 23 (E) many axons have crossed the ventral midline; later-extending commissural axons travel directly through the expanding column of motor neurons (m.c.). Beginning at the ventral midline of the floor plate and proceeding along the trajectory of the extending commissural axons, we pooled data into 20-m-long bins. Areas sampled were 6.92 m 2 , a total area of ϳ48 m 2 . The red Xs mark the center of each 48 m 2 data point. Scale bars: C, E,20m. Data were pooled from five stage 17 sections and three stage 23 sections, both left and right sides. In D, the data from 90 to 250 m were best fit with a power function (CA Cricket Graph III). In F, the data were best fit manually. Error bars are the SEM. Calculation of the steepness of the gradient illustrated in D, discussed in Results, was performed as follows. The gradient was best fit with the following function: FI ϭ 7986690 D -2.015 . Based on the assumption that fixation shrinks the spinal cord to 60% of its normal size, a growth cone with a diameter of 25 m would shrink to 15 m. Between 90 and 105 m (D), a 15 m distance at the high end of the gradient, the calculated corresponding fluorescence intensities (f.i.) are 922 and 676. If we assume that these are proportional to concentration, then ⌬C ϭ 246 and ⌬C/C ϭ 27%. Similarly, between 155 and 170 m, ⌬C ϭ 52 and ⌬C/C ϭ 17%; between 235 and 250 m, ⌬C ϭ 15 and ⌬C/C ϭ 11%. v.c., Ventral commissure.
thelium (Serafini et al., 1996) . Thus the distribution of netrin-1 mRNA expression at these developmental stages in the mouse is similar to the sum of netrin-1 and netrin-2 in chick ; indeed, no netrin-2 homolog appears to be present in the mouse genome, and netrin-1 in mouse appears to have taken over the functions of both netrin-1 and netrin-2 in chick. Antibody PN2 recognizes mouse netrin-1 and netrin-3; however, as the first commissural axons are extending toward the floor plate, netrin-3 mRNA is not expressed in the spinal cord (Wang et al., 1999) , allowing us to use antibody PN2 to detect the distribution of netrin-1. PN2 reveals a graded distribution of netrin-1 protein in the E9.5 mouse spinal cord (Fig. 5 A, B) similar to that seen with a pan-netrin antibody in stage 17 chick. Netrin protein is detected in the floor plate, throughout the ventral spinal cord, and in the path of extending commissural axons in the lateral neural epithelium. At E11.5 in the mouse (Fig. 5 E, F ) , after many commissural axons have crossed the ventral midline, netrin immunoreactivity is still detected clearly in the apical floor plate. As in the chick, immunoreactivity is associated closely with the trajectory of commissural axons as they project through the expanding pool of ventral horn motor neurons, and concentrated in the ventral commissure. Figure 5C illustrates netrin immunoreactivity (PN2) in the E9.5 mouse spinal cord revealed by the use of an alkaline phosphatase-coupled secondary antibody and BM purple substrate. This image is presented at the same scale as the E11 rat spinal cord shown in Figure 5D . Figure 5 , G and H, shows netrin immunoreactivity in the mouse E10.5 spinal cord and the rat E13 spinal cord revealed with antibody PN1, demonstrating that antibodies raised against different peptide antigens also identify the same distribution of netrin immunoreactivity in mouse and rat.
Discussion

Graded distribution of netrin in the embryonic spinal cord
The axons of the earliest born commissural interneurons grow circumferentially along the edge of the neural tube until they reach the ventral midline (Holley, 1982; Holley and Silver, 1987; Yaginuma et al., 1990 Yaginuma et al., , 1991 . Here we report the presence of a graded distribution of netrin protein directly in the path of these axons as they grow through the neural epithelium toward the floor plate. Later-born commissural neurons extend axons that initially migrate ventrally along the edge of the neural tube but then change course at the dorsal edge of the enlarging pool of ventral horn motor neurons and grow ventromedially toward to the floor plate (Holley, 1982; Altman and Bayer, 1984; Wentworth, 1984; Yaginuma et al., 1991) . Unlike the commissural pioneers, these axons will fasciculate with axons that previously have grown to the midline (Holley, 1982; Oppenheim et al., 1988) . In addition to the gradient in the early neural tube, we also detect a graded distribution of netrin protein along the trajectory of these later-extending commissural axons.
Netrin-1 as a long-range axon guidance cue As the first commissural neurons extend axons in the embryonic chick spinal cord, netrin-1 mRNA expression is restricted to the floor plate region, whereas netrin-1 protein is detected at least 20 neural epithelial cell diameters dorsal of the floor plate. This indicates that commissural axon growth cones likely first encounter netrin-1 protein at a significant distance from where the protein was secreted.
Unlike netrin-1, the distribution of netrin-2 protein is similar to the distribution of its mRNA. In situ hybridization analyses suggest that netrin-2 is expressed at a much lower level than netrin-1 Wang et al., 1999) . Previous experiments that used recombinant netrin-2 protein suggested that it was less diffusible than netrin-1 . Together with its low level of expression, this likely contributed to the restricted distribution of netrin-2 protein that was detected.
In mouse and rat the distribution of netrin immunoreactivity is very similar to that in the chick. Five netrin family members have been identified in mouse, and three are expressed in the embryonic spinal cord. Netrin-1 is expressed in the floor plate and ventral neural epithelium, a pattern similar to the sum of the distributions of netrin-1 and netrin-2 in chick. No ortholog of chick netrin-2 has been identified in mouse. Netrin-3 is expressed Netrin protein is present in the dorsal portion of the floor plate, outlines cell bodies throughout the ventral two-thirds of the neural epithelium, and is concentrated at the ventrolateral edge of the neural epithelium. For comparison, C illustrates netrin immunoreactivity (PN2) in an E9.5 mouse spinal cord with the use of an alkaline phosphatase-coupled secondary antibody and the BM purple substrate. C was photographed at the same magnification as the E11 rat spinal cord shown in D, illustrating the relative size of the embryonic spinal cord in mouse and rat. E, F, The distribution of netrin immunoreactivity (red) and NFM (green) in the E11.5 mouse spinal cord after many commissural neurons have crossed the ventral midline. G and H are presented at the same magnification and show the distribution of netrin immunoreactivity present in the E10.5 mouse (G) and the E13 rat (H ) spinal cord visualized with the use of an alkaline phosphatase-coupled secondary antibody. Netrin immunostaining was generated by using antibodies PN2 (A-F ) or PN1 (G, H ) and either a Cy3 secondary (A, B, E, F ) or an alkaline phosphatase-coupled secondary and the BM purple substrate (C, D, G, H ). NFM immunoreactivity was visualized by using a Cy2-coupled secondary antibody. C, D, G, and H were photographed by using dark-field optics. All embryos were fixed with Carnoy's fixative, and all sections correspond to brachial spinal cord. Scale bars: A (for A-D), E (for E-H ), 50 m.
at a low level by motor neurons at E11.5 but has not been detected in the mouse spinal cord before E10.5 (Wang et al., 1999) . Netrin-4/␤-netrin is expressed by cells adjacent to the embryonic floor plate (Yin et al., 2000) . Expression of the more distant relatives netrin-G1 and netrin-G2 has not been reported in the embryonic spinal cord (Nakashiba et al., 2000 (Nakashiba et al., , 2002 . It is unlikely that netrin-4, netrin-G1, or netrin-G2 was detected here, because the epitopes used to generate antibodies PN1 and PN2 are poorly conserved in these netrins. On this basis, the immunoreactivity revealed by PN1 and PN2 likely corresponds to netrin-1 in the E9.5 mouse spinal cord, with limited contribution of netrin-3 starting at E11.5. However, because netrin-1 is also expressed in the ventral two-thirds of the spinal cord in the mouse, we cannot determine how much of the gradient arises by diffusion from the midline as opposed to local production in that species.
Long-range and short-range actions of netrins
The contrast between netrin-1, detected at a distance from its site of expression in the chick spinal cord, and netrin-2, which is associated with the cells that express it, provides additional evidence for the possibility that netrins may act either at short or at long range, depending on context. Thus, whereas the evidence indicates that netrin-1 functions at long range in the spinal cord Serafini et al., 1996) , it acts at short range to guide retinal axons out of the eye into the optic nerve (Deiner et al., 1997) . Similarly, evidence has been obtained for both shortand long-range actions of the netrin UNC-6 in Caenorhabditis elegans (Adler et al., 2006; Wadsworth et al., 1996) . The distance over which a netrin acts likely is determined by its extent of diffusion, which will depend, in turn, on the level of netrin expression as compared with the density of netrin binding sites on cell surfaces and ECM and on the sensitivity of the responding neuron. This recently has been well illustrated by Brankatschk and Dickson (2006) , who showed that netrins at the Drosophila midline act at short range for commissural axon attraction but at long range in repelling other axons, presumably reflecting a greater sensitivity of the latter axons to a gradient. Gradient shape, slope, and length Baier and Bonhoeffer (1992) demonstrated that a gradient of tectal membranes could repel retinal ganglion cell axons and that the key factor determining axonal response was the slope of the gradient encountered by the growth cone. Assuming an average growth cone diameter of 25 m, they found that the minimum concentration change (steepness) across the growth cone that could elicit a detectable response was 1-5%. Goodhill and colleagues demonstrated an even greater sensitivity of sensory axons to gradients of NGF, at least at certain concentrations (Rosoff et al., 2004) . Assuming the same average diameter and correcting for shrinkage caused by Carnoy's fixative, the stage 17 spinal cord gradient has an 11% change in concentration across a distance of 25 m at its low end that increases in steepness to a 27% change at its apex (Fig. 4) , which we presume to be of more than sufficient steepness to be sensed by an advancing growth cone. Additionally, it has been argued that the maximum range over which a gradient of a target-derived diffusible factor could guide an axon is ϳ1 mm (Goodhill, 1998) . The ϳ250 m graded distribution of netrin protein visualized in the stage 17 chick spinal cord and the ϳ250 m range of the chemotropic axon-orienting activities of the floor plate (Placzek et al., 1990) or a cellular source of recombinant netrin ) are all within this predicted range.
Curiously, the gradient of netrin protein present in the stage 17 brachial spinal cord does not extend to the edge of the floor plate. Instead, a gap immediately lateral to the floor plate containing little netrin protein has been found consistently. At least two possibilities may account for this. First, as netrin diffuses away from the floor plate, it likely becomes associated with cell membranes or ECM. Fixation may capture only the bound netrin, not the unbound soluble fraction. If so, the gap in immunoreactivity next to the floor plate could reflect a reduced matrixbinding capacity in that region, although unbound netrin emanating from the floor plate, not detected immunohistochemically, nonetheless would be present. A second possibility is that netrin protein is secreted by floor plate cells but then is captured mainly on the surface of proliferating neural epithelial cells. In this case a combination of secretion, diffusion, capture, and redistribution, e.g., via cell and axon migration, conceivably could result in the distribution that has been observed. This second mechanism is perhaps less plausible because special conditions would need to apply to these processes, particularly the redistribution processes, for a gap in immunoreactivity to appear where it does. Both explanations postulate the existence of netrin-binding sites in the spinal cord, the identity and distribution of which remain to be investigated in additional detail.
In the second case, in which the gap reflects an absence of netrin, we would have to assume that netrin-1 guides commissural axons circumferentially into the ventral spinal cord but does not lead them over the final stretch to the ipsilateral edge of the floor plate. Other mechanisms, including a presumed gradient of Shh (Charron et al., 2003) , therefore would be responsible for guiding them across the gap. In the first case, in which a gradient of soluble netrin is present in the gap region, a combination of netrin and other cues like Shh would be responsible for guidance in this region. It is interesting to speculate that a gradient of soluble netrin in fact might be sharper and more effective at guiding the axons across the gap than a gradient of bound netrin, a possibility that requires additional theoretical and experimental exploration. In either model, once the axons reach the proximal edge of the floor plate, the engagement of local short-range cues would guide the axons into the ventral commissure (Stoeckli and Landmesser, 1995; Stoeckli et al., 1997; Burstyn-Cohen et al., 1999) .
Although gradients long have been proposed to guide axon growth during neural development, limited numbers of graded distributions of axon guidance cues have been reported (Braisted et al., 1997; Monschau et al., 1997; Isbister et al., 1999; Lyuksyutova et al., 2003; Bourikas et al., 2005) , and in no instance has a gradient of a secreted long-range axon guidance protein diffusing away from its site of synthesis been visualized in vivo. Our observation of a graded distribution of netrin immunoreactivity in the neuroepithelium of the embryonic chick spinal cord, extending many cell diameters from its source in the floor plate and placed directly in the path of extending commissural axons, supports the operation of long-range diffusible chemoattractive cues in axon guidance.
